ER quality control (ERQC) prevents the exit of misfolded secretory and membrane proteins from the ER. A critical aspect of ERQC is a transcriptional response called the unfolded protein response (UPR), which up-regulates genes that enable cells to cope with misfolded, ER-retained proteins. In this study, we compare the transcriptional responses in yeast resulting from the acute expression of misfolded proteins residing in three different cellular compartments (the ER lumen, membrane, and cytosol), and find that each elicits a distinct transcriptional response. The classical UPR response, here-designated UPR-L, is induced by the ER lumenal misfolded protein, CPY*. The UPR-Cyto response is induced by the cytosolic protein, VHL-L158P, and is characterized by a rapid, transient induction of cytosolic chaperones similar to the heat-shock response. In contrast, the misfolded membrane protein with a cystolic lesion, Ste6p*, elicits a unique response designated UPR-M/C, characterized by the modest induction of >20 genes regulated by Rpn4p, an activator of proteasomal genes. Independently, we identified several genes required for yeast viability during UPR-M/C stress, but not UPR-L or UPR-Cyto stress. Among these is RPN4, highlighting the importance of the Rpn4p-dependent response in tolerating UPR-M/C stress. Further analysis suggests the requirement for Rpn4p reflects severe impairment of the proteasome by UPR-M/C stress.
INTRODUCTION
Protein misfolding plays a critical role in numerous human diseases (i.e., cystic fibrosis, Parkinson's disease, hereditary emphysema, Alzheimer's disease; Otsu and Sitia, 2007; Lin et al., 2008) and is monitored by a variety of cellular "quality control" systems. One such system, endoplasmic reticulum (ER) quality control (ERQC), prevents the exit of misfolded secretory and membrane proteins from the ER. ERQC can be divided into two separate processes: 1) the unfolded protein response (UPR), which refers to the transcriptional up-regulation of genes that are thought to enable the cell to cope with and fold misfolded proteins, and 2) ER-associated degradation (ERAD), whereby misfolded, ER-retained proteins are degraded via the ubiquitin-proteasome system.
The UPR transcriptional pathway activated in response to misfolded ER lumenal proteins has been well characterized in Saccharomyces cerevisiae. The presence of misfolded proteins in the ER results in activation of an ER transmembrane kinase/endoribonuclease, Ire1p, which splices the premRNA of HAC1 (Cox et al., 1993; Cox and Walter, 1996; Mori et al., 1996) . Splicing ultimately allows translation of HAC1 into a potent transcriptional activator that binds to the promoters of genes containing UPR elements (UPRE-1, -2, and -3 and others, still not well defined) and activates their transcription (Mori et al., 1992; Kohno et al., 1993; Patil et al., 2004) . The full scope of the UPR response was characterized in an elegant study using microarray analysis to identify genes induced in an IRE1-and HAC1-dependent manner by the drugs dithiothreitol (DTT) and tunicamycin (Tm; Travers et al., 2000) . DTT and Tm cause widespread protein misfolding in the ER, due to their inhibition of disulfide bond formation and N-linked glycosylation, respectively, and strongly induce the UPR response. More than 381 ORFs were identified as UPR target genes and fell into diverse categories of function, such as protein translocation, folding, glycosylation, vesicle trafficking, and ERAD. Autophagy genes were also recently shown to be induced by ER stress, but in an IRE1-and HAC1-independent manner (Bernales et al., 2006; Yorimitsu et al., 2006) . Analysis of the UPR response has revealed considerable insight into how cells cope with the presence of misfolded proteins in the ER lumen without compromising viability.
In addition to the transcriptional targets induced by misfolded ER luminal proteins, much is also known about the ERAD pathway for this type of misfolded protein (Romisch, 2005; Sayeed and Ng, 2005) . Recently, the ERAD pathways for misfolded membrane proteins have also been examined, leading to the designation of three classes of ERAD substrates based on the topological location of their misfolded lesion: either lumenal (ERAD-L), cytosolic (ERAD-C), or in a membrane span (ERAD-M; Taxis et al., 2003; Huyer et al., 2004b; Vashist and Ng, 2004; Carvalho et al., 2006) . Model substrates for ERAD-L include soluble proteins in the ER lumen (CPY*, KHN) and membrane proteins with misfolded luminal domains (KWW, CT*, and CTG*). ERAD-C and ERAD-M substrates are membrane proteins with misfolded cytosolic (Ste6p*, KSS, and KWS) or membrane domains (Hmg2p, Pdr5p*, and Sec61-2), respectively (Hampton et al., This article was published online ahead of print in MBC in Press (http://www.molbiolcell.org/cgi/doi/10.1091/mbc.E08 -02-0140) on December 10, 2008. 1996; Bordallo et al., 1998; Taxis et al., 2003; Huyer et al., 2004b; Vashist and Ng, 2004; Carvalho et al., 2006) . Although all three ERAD pathways converge post-ubiquitination and at the proteasome, the chaperone and ubiquitination requirements for these three pathways appear to be largely distinct (Nishikawa et al., 2005; Brodsky, 2007) .
An extension of the delineation of discrete ERAD pathways is that misfolded proteins in different cellular compartments or with distinct topological sites of mutation may also elicit mechanistically unique UPR transcriptional responses. A working model depicting this hypothesis is shown in Figure 1 . The "classical" UPR, here called UPR-L (right), is induced by substrates whose misfolded domains are in the lumen of the ER. UPR-M/C (middle) is posited to be induced by misfolded membrane proteins with lesions in a membrane span or a cytosolic domain, and UPR-Cyto (left), by misfolded cytosolic proteins that do not enter the secretory pathway at all.
In contrast to the well-defined UPR-L pathway (see Figure  1 , right), surprisingly little is known about transcriptional responses induced by misfolded proteins in the ER membrane (the proposed UPR-M/C response; see Figure 1 , middle) or cytosol (the proposed UPR-Cyto response; see Figure  1 , left). It is currently even unclear whether misfolded proteins in these cellular compartments induce global transcriptional responses. Additionally, despite residing in different cellular compartments (ER membrane and cytosol), both of these classes of misfolded proteins can contain cytosolic misfolded domains, and it is unknown whether they would up-regulate similar or disparate gene targets. The heat-shock response is thought to be a cytosolic response to the thermal misfolding of proteins and their subsequent aggregation (Pinto et al., 1991; Parsell and Lindquist, 1993) . The proposed UPR-M/C and UPR-Cyto responses have not been examined to determine what similarities there may be to the heat-shock response or to the well-defined UPR-L response.
To assess whether the unfolded protein response differs in separate cellular compartments, we compared the transcriptional responses resulting from the acute, galactose-induced expression of single misfolded proteins with distinct cellular localizations (ER lumen, membrane, or cytosol, respectively). We find that misfolded proteins residing in these three cellular compartments elicit distinct patterns of gene induction. Using five defined transcriptional markers, we find that the ER lumenal misfolded protein, CPY*, induces the well-characterized UPR-L response, a hallmark of which is the induction of YFR026C (here designated as ULI1), whereas the cytosolic misfolded VHL alleles induce the UPR-Cyto response, which resembles a pattern of gene induction characteristic of heat shock. The UPR-M/C stressors (misfolded Ste6p alleles) do not induce these five transcriptional markers, and we carried out microarray analysis to define the UPR-M/C response profile of gene induction. Among 67 UPR-M/C stress-induced genes are Ͼ20 genes known to controlled by Rpn4p, a transcriptional activator of proteasomal genes, suggesting that Rpn4p-mediated transcription is a key aspect of the UPR-M/C response. In agreement with these results, we also identified RPN4 in a synthetic lethality screen designed to identify genes required for viability during UPR-M/C stress, but not UPR-L or UPRCyto stresses. Further, UPR-M/C stress was found to severely impair the proteasome. Thus, Rpn4p may be essential for cellular survival in the presence of misfolded membrane proteins due to the critical need for additional proteasomes upon UPR-M/C stress.
MATERIALS AND METHODS

Yeast Strains, Media, and Growth Conditions
The S. cerevisiae strains and plasmids used in this study are listed in Tables 1  and 2 , respectively. Strain and plasmid constructions can be found in the Supplemental Materials and Methods. Solid and liquid drop-out or complete media with glucose as a carbon source were prepared as described previously (Michaelis and Herskowitz, 1988) . Media containing galactose as a carbon source lacked glucose and instead contained 4% raffinose and 4% galactose (Sigma-Aldrich, St. Louis, MO; Ͻ0.01% glucose; Mumberg et al., 1994) . Yeast strains and cultures were grown at 30°C, except for temperature-sensitive strains, which were grown at room temperature (24°C). Yeast transformations were performed by the lithium acetate method (Ito et al., 1983) .
Galactose Induction
Cells containing galactose-inducible plasmids were grown at 30°C in synthetic media containing the appropriate amino acids and 4% raffinose for 2 d to saturation. Cells were diluted back in fresh media containing 4% raffinose and grown to early log phase (OD 600 ϭ 0.2) before induction by the addition of 4% galactose to liquid media for indicated periods of time or plating to solid media containing 4% galactose.
Yeast Total RNA Preparation and Northern Blot Analysis
For each time point after galactose induction, 10 OD 600 units of cells were harvested. Cells were washed in 1 ml of diethyl pyrocarbonate (DEPC)-treated dH 2 O, and cell pellets were frozen in liquid nitrogen and stored at Ϫ80°C until RNA preparation. For harvesting of yeast total RNA, cells were lysed by vortexing with acid-washed glass beads in the presence of the RNA isolation reagent RNA Friendswood, TX) , and RNA was extracted from the homogenate by chloroform extraction and centrifugation. The aqueous layer containing RNA was precipitated with isopropanol, pelleted, and then washed using 75% ethanol. RNA pellets were air-dried before ura3-52 leu2-3,112 his3-11,15 PRE1 PRE2 Heinemeyer et al. (1991) WCG4a-11/21a MATa ura3-52 leu2-3,112 his3-11,15 pre1-1 pre2- For Northern blots, 5 g of RNA was mixed with 2 volumes of RNA sample loading buffer (Sigma-Aldrich) and run on a 1% agarose gel containing 1ϫ MOPS (Quality Biological, Gaithersburg, MD), ethidium bromide, and 5% formaldehyde (37% w/w) at 70 V for 3 h in 1ϫ MOPS running buffer. The gel was washed twice for 15 min in 2ϫ SSC (Roche Applied Science, Indianapolis, IN), and RNA was transferred to Nytran SuPerCharge nylon membrane (Whatman Schleicher & Schuell, Keene, NH) by capillary transfer in 10ϫ SSC for 18 h. RNA was cross-linked to the membrane using a UV Stratalinker at 1200 J ϫ100. Membranes were prehybridized in 10 ml of rapid hybridization buffer (Amersham Biosciences, Piscataway, NJ) for 1 h at 60°C. DNA Northern blot probes labeled with 32 P were created by first PCR amplifying an ϳ500-base pair PCR product from the coding region of the gene of interest and purifying the PCR product using a PCR Purification kit (Qiagen, Chatsworth, CA). The probe was radiolabeled using the Megaprime DNA labeling kit (Amersham) and 30 Ci of [␣- 32 P]dCTP (GE Healthcare, Waukesha, WI). Hot probe was counted using a scintillation counter. Probes were boiled at 100°C for 10 min to denature, added at a concentration of 1 ϫ 10 6 cpm/ml of hybridization buffer, and incubated with the prehybridized membrane for 2 h at 60°C. After hybridization, the membrane was washed for 5 min in 2ϫ SSC, 10 min in 0.5ϫ SSC/0.1% SDS, and 10 min in 0.1ϫ SSC/0.1% SDS. Blots were visualized and quantitated by Phosphor-Imager and Quantity One software (Bio-Rad, Hercules, CA). For reprobing with a different probe, blots were stripped by incubating twice with boiling 0.1% SDS until cooled and then prehybridized and processed as above. HAC1 splicing was graphed as percentage of HAC1 spliced and was calculated as [lower band]/[lower band ϩ upper band]. Quantitations of blots were normalized to the levels of ACT1 transcript. For galactose-inducible constructs, samples were prepared at various time points after galactose addition. Induction of expression was calculated based on the RNA levels at "zero" time points (just before galactose addition), and each experiment was performed multiple times with different misfolded proteins in each class: UPR-L (CPY*), UPR-M/C (ste6-G38D, -L1239X, or -Q1249X), or UPR-Cyto (VHL or VHL-L158P). All experiments were repeated at least twice with each mutant protein with similar results; a representative experiment is shown in each case.
Microarray Hybridization and Analysis
Three biological replicates of wild-type (SM4460) cells expressing either empty vector (pSM922), ste6-Q1249X (pSM2213), STE6 (pSM1897), or VHL-L158P (pESC-L158P) were harvested after 1 h of galactose induction for RNA preparation (as described above). Processing of the RNA, hybridization to Affymetrix GeneChip yeast Genome 2.0 arrays (Santa Clara, CA), and data analysis are described in the Supplemental Materials and Methods.
Diploid-based Synthetic Lethality Analysis on Microarrays
Diploid-based synthetic lethality analysis on microarrays (dSLAM) was performed essentially as previously described (Pan et al., 2004; Warren et al., 2004) except that pSM1898 (2 URA3 P GAL1 ste6-G38D::GFP; experimental pool) or pSM922 (2 URA3 P GAL1 ; control pool) was transformed into the heterozygous diploid deletion collection pool (a generous gift of Jef Boeke, Johns Hopkins University). After sporulation, MATa haploid yeast cells harboring pSM1898 or pSM922 were selected on haploid selection media containing galactose to induce expression of ste6-G38D::GFP c . Colonies were pooled and yeast genomic DNA was prepared from each pool. To determine mutants underrepresented upon overexpression of ste6-G38D, the barcode tags from the control and experimental pools were PCR-amplified using biotinylated primers and hybridized to Tag3 barcode microarrays, and the microarray data were analyzed as previously described 
Spot Growth Assay
Log phase cultures were diluted to an OD 600 of 0.1 and four serial 10-fold dilutions were made in 96-well plates to yield a dilution series in adjacent wells. Ten microliters of each dilution was spotted onto the appropriate media using a multichannel pipetman. Plates containing glucose as a carbon source were incubated for 2 d at 30°C, and plates containing galactose were incubated for 3 d at 30°C.
Preparation of Cell Extracts and Immunoblotting
Cell extracts and immunoblotting were prepared essentially as described previously (Fujimura-Kamada et al., 1997) . Briefly, 2.5 OD 600 units of cells were grown logarithmically in synthetic dropout media and lysed by the addition of ␤-mercaptoethanol/NaOH. Proteins were precipitated using 5% trichloroacetic acid, and protein pellets were resuspended in sample buffer (3.5% SDS, 0.5 M DTT, 80 mM Tris, 8 mM EDTA, 15% glycerol, and 4 mg bromophenol blue). YFR026Cp::HA was detected using the 12CA5 mouse anti-hemagglutinin (HA) mAb (Roche Applied Science) diluted 1:10,000 in TBST containing 5% blocking reagent (Roche Applied Science) for 1 h at room temperature. A loading control was done using the anti-Hexokinase Ab (a generous gift of Rob Jensen, Johns Hopkins University) diluted 1:200,000 in TBST containing 5% blocking reagent for 1 h at room temperature.
␤-Galactosidase Assays
Cultures were assayed for ␤-galactosidase activity as previously described (Guarente, 1983) . ␤-Galactosidase activity is expressed in Miller units as 1000
Colony Viability Assay
Cultures were grown to log phase at 30°C in dropout media containing 4% raffinose. Galactose (4%) was added to induce expression of misfolded proteins, and cultures were split and treated with either 50 M MG132 (EMD Chemicals, Gibbstown, NJ) in DMSO or an equal volume of DMSO alone, and incubated for 8 h at 30°C. Both cultures were then diluted 1:1500 in dH 2 O, and 200 l was plated on dropout media containing galactose and incubated for 3 d at 30°C. Colony forming units (CFUs) were counted for DMSO-and MG132-treated cells and calculated as CFUs of MG132-treated cells as a percentage of CFUs of DMSO-treated cells.
RESULTS
Examining Cellular Transcriptional Responses Using Northern Blot Analysis
To begin to compare the UPR-L and proposed UPR-M/C and UPR-Cyto transcriptional responses (Figure 1 ), we examined the induction of five genes, falling into two classes (cytosolic chaperones and well-characterized markers for the UPR-L), by Northern blot analysis. The cytosolic chap- erone genes are SSA4, which encodes the main stress-inducible Hsp70 chaperone in the cytosol (Boorstein and Craig, 1990) , and STI1, which encodes a cytosolic cochaperone that facilitates interactions between Hsp70 and Hsp90 (Wegele et al., 2003) . To assay the UPR-L, we examined HAC1 premRNA splicing, an early hallmark of UPR-L induction, and up-regulation of KAR2, a well-characterized UPR-L target gene (Mori et al., 1992; Kohno et al., 1993) . Additionally, we followed a novel marker for UPR-L, YFR026C, which we identified by microarray analysis as the gene most highly induced by the expression of CPY* (our unpublished data). We found that the YFR026C transcript is strongly induced by tunicamycin (Tm) treatment (in agreement with Travers et al., 2000) or expression of CPY*, representing induction of greater than 25-fold ( Figure 2A , lanes 4 and 8). The levels of HA-tagged YFR026C protein are also increased in response to Tm treatment ( Figure 2B ), and deletion of YFR026C induces the UPR-L, as measured by a UPRE-LacZ reporter ( Figure 2C ), suggesting a role for YFR026C in alleviating or preventing ER stress. The dramatic increase in the levels of YFR026C transcript serves as a robust reporter of the UPR-L response and presumably reflects the UPRE-2 and -3 elements (Patil et al., 2004) within its upstream region. To confirm that the five genes we have chosen as transcriptional markers respond characteristically to stress, we assessed their induction over a 5-h time course in response to the well-established global stresses, l-azetidine-2-carboxylic acid (AZC), heat shock, and Tm. As expected, the toxic proline amino acid analogue, AZC, and heat shock, both of which have been used previously to assess cytosolic misfolding (Trotter et al., 2002) , quickly and robustly induce the cytosolic chaperones SSA4 and STI1 (Supplemental Figure  S1B ; column 2, AZC, and column 3, heat shock), though the induction by heat shock is transient in nature, as has been reported previously (Gasch et al., 2000) . Also as expected, Tm robustly activates the UPR-L response (Supplemental Figure S1A , column 5, Tm). Interestingly, we observed a mild induction of UPR-L genes by AZC and of the cytosolic chaperone SSA4 by Tm (Supplemental Figure S1A , column 2, AZC, and Supplemental Figure S1B , column 5, Figure 1 . Working model for three compartmentally distinct branches of the UPR. In this study, we ask if three classes of misfolded proteins with different cellular locations (ER lumen, membrane, and cytosol) induce distinct patterns of transcriptional responses. Misfolded proteins in the ER lumen, such as CPY*, induce the well-documented UPR-L transcriptional response (generally referred to simply as UPR); misfolded ER membrane proteins with membrane or cytosolic lesions, such as ste6-Q1249X (Ste6p*) and other Ste6p alleles (ste6-L1239X and ste6-G38D), could induce a UPR-M/C response; and misfolded proteins in the cytosol, such as VHL and VHL-L158P, could induce a UPR-Cyto response. All three classes of misfolded proteins are known to be degraded via the ubiquitin-proteasome system (Hiller et al., 1996; Loayza et al., 1998; McClellan et al., 2005) . The star in the first transmembrane domain of Ste6p represents the site of the G38D mutation and the star in the C-terminal cytosolic domain represents the sites of the L1239X and Q1249X mutations. In lanes 1-4, wild-type cells (SM4460) were treated with either DMSO or 10 g/ml Tm. Samples were harvested before (0 h) and after (2 h) treatment. In lanes 5-8, wild-type cells (SM4460) expressing empty vector (EV; pSM922) or CPY* (pSM2215) were harvested before (0 h) and after (2 h) galactose induction. Blots were probed to examine HAC1 splicing, KAR2 induction, and YFR026C induction. The ACT1 levels served as a loading control. (B) A Western blot for YFR026Cp protein levels was performed using extracts prepared from cells expressing genomic HA-tagged YFR026Cp (SM5295) under control of its endogenous promoter. Cultures were either untreated (0 h) or treated with 10 g/ml Tm for 2, 4, and 6 h or DMSO for 6 h and harvested for protein at each time point. Blots were probed with anti-HA and anti-Hexokinase (HK) antibodies. (C) To examine whether lack of YFR026C causes induction of the UPR-L, yfr026c⌬ (SM5476) cells expressing a UPRE-LacZ reporter (pPW344) were assayed for ␤-galactosidase activity. For comparison, the activity of wild-type (SM4460) cells alone (WT) or treated with 10 g/ml Tm for 2 h before processing (WT ϩ Tm), and hac1⌬ cells (SM5382), all expressing a UPRE-LacZ reporter (pPW344), are included as controls. The data reflect an average of three independent experiments; error bars, 1 SD. Tm). Taken together, we can conclude that the two classes of Northern blot probes act as expected in response to global stresses, but these stresses can also ultimately lead to stress in compartments other than the one that they are targeting.
Analyzing the Cellular Responses to Three Classes of Single Misfolded Protein Stressors
Global stressors, such as AZC or Tm, affect numerous proteins within one or several cellular compartments and may also have off-target effects. The expression of a single misfolded protein can be expected to elicit a more specific and acute cellular response. We have used single misfolded protein stressors that reside in discrete subcellular locations (membrane, lumen, and cytosol) to examine the existence of unique transcriptional responses in these compartments.
To provide a UPR-L stress, we used CPY*, a misfolded allele of the soluble protein carboxypeptidase Y that is retained in the ER lumen and has been used as a model substrate to define the ERAD-L pathway (Finger et al., 1993; Hiller et al., 1996; Taxis et al., 2003; Huyer et al., 2004b) . CPY* induction of a UPRE-LacZ reporter has been demonstrated Ng, 2003, 2005) , but the temporal transcriptional response to CPY* has not been examined in detail.
To assess the UPR-M/C response, several misfolded alleles of the ABC transporter Ste6p were examined. These mutant proteins are retained in the ER and have lesions in either the membrane or cytosolic domains of Ste6p: ste6-G38D has a mutation in the first transmembrane span of Ste6p, and ste6-L1239X and ste6-Q1249X (also known as Ste6p*) are prematurely truncated within a cytosolic nucleotide-binding domain (Loayza et al., 1998; Huyer et al., 2004a ; Figure 1 indicates the sites of these mutations with a star). The rates of turnover of these proteins vary, with ste6-G38D and ste6-L1239X having half-lives of ϳ45 min and ste6-Q1249X (Ste6p*) having a half-life of Ͻ10 min (Nijbroek, 1998; Huyer et al., 2004b) .
Cytosolic quality control substrates have been only minimally characterized. Here, we used wild-type and mutant forms of the von Hippel Lindau tumor-suppressor proteins (VHL and VHL-L158P) to evaluate UPR-Cyto stress. VHL is a mammalian, cytosolic protein normally found complexed with the elongins B and C (Feldman et al., 1999) . When expressed in yeast, both VHL and VHL-L158P are degraded by the ubiquitin-proteasome pathway, with half-lives of ϳ1 h and 15 min, respectively (McClellan et al., 2005) .
We expressed each of the proteins discussed above from the galactose-inducible GAL1 promoter, and RNA samples were harvested at multiple time points after induction and analyzed by Northern blot analysis for HAC1 splicing or transcriptional induction of KAR2 and YFR026C ( Figure 3A) or induction of SSA4 and STI1 ( Figure 3B ). Figure 3 shows a representative, normalized quantitation of Northern blots with one example from each class of stress. We observed similar patterns of induction for all of the misfolded protein alleles in a particular class of stress (our unpublished data). Below, we first discuss the induction of the UPR-L genes and then the induction of the cytosolic chaperone genes.
Only the UPR-L Stressor, CPY*, Induces the UPR-L Response
We queried the splicing and induction of the UPR-L genes HAC1, KAR2, and YFR026C ( Figure 3A ) in response to the three classes of misfolded protein stresses to determine if the proposed UPR-M/C and UPR-Cyto responses are distinct from the UPR-L response. We saw no induction of UPR-L genes in a strain containing empty vector subject to galactose-induction conditions ( Figure 3A , column 1, empty vector), confirming that the addition of galactose alone does not induce the UPR-L response. As expected, the UPR-L stress, CPY*, strongly induces HAC1 splicing, followed by transcription of KAR2, and at slightly later time points, a peak of YFR026C transcription ( Figure 3A , column 3, CPY*). The levels and timing of this induction are similar to the induction seen with Tm (Supplemental Figure S1A , column 5, Tm). When CPY* is expressed at an even higher level from a high-copy (2) plasmid rather than a centromeric plasmid (as shown here), there is also a very similar response with respect to HAC1 splicing and KAR2 and YFR026C induction (our unpublished data).
On the other hand, the UPR-M/C stressor, ste6-Q1249X (Ste6p*), and the UPR-Cyto stressor, VHL-L158P, do not dramatically induce the UPR-L genes ( Figure 3A , column 2, ste6-Q1249X, and column 4, VHL-L158P). However, at late time points after the induction of UPR-M/C stressors there is a small amount of HAC1 splicing ( Figure 3A , column 2, ste6-Q1249x, top panel, 6 and 12 h), also seen with ste6-G38D and ste6-L1239X (our unpublished data). It is unknown why HAC1 splicing may be induced by UPR-M/C stress, especially because a corresponding induction of KAR2 or YFR026C is absent at these time points. The timing and low level of splicing, however, suggests that this late and modest UPR-L activation is distinct from the acute UPR-L activation induced by CPY* and is not likely to be a primary response to UPR-M/C stress.
Overall, from these results we can conclude that UPR-M/C and UPR-Cyto stresses do not induce an acute UPR-L response comparable to the UPR-L stressor, CPY*. These data support the existence of unique, compartment-specific UPR-M/C and UPR-Cyto transcriptional responses that are different from the UPR-L response.
The Cytosolic Chaperone Genes Are Distinctly Induced by a Misfolded Protein Stressor Residing in the Cytosol
Analysis of the cytosolic chaperone genes, SSA4 and STI1, by Northern blot ( Figure 3B ) revealed no significant induction when empty vector is expressed ( Figure 3B , column 1, empty vector), demonstrating that galactose induction does not affect their transcription. As expected, the UPR-L stressor, CPY*, also does not induce cytosolic chaperone genes ( Figure 3B , column 3, CPY*).
Interestingly, the UPR-Cyto stressor, VHL-L158P, induces a unique pattern of induction of the cytosolic chaperone genes: a strong and rapid, but transient, induction, followed by a return of the transcripts to basal levels ( Figure 3B , column 4, VHL-L158P, compare 0-and 0.5-h time points). This response is highly reminiscent of the transient induction of SSA4 and STI1 by heat shock (Supplemental Figure S1B , column 3, heat shock), suggesting that the heat-shock response could be a major aspect of the UPR-Cyto response. Interestingly, UPRCyto stress induces the cytosolic chaperones again at later time points ( Figure 3B , column 4, VHL-L158P, compare 0-h to 6-h and 12-h time points). This secondary induction of SSA4 and STI1 may occur through the same heat-shock-like pathway as the initial induction, or it could result from activation of a secondary pathway controlling these genes.
In response to UPR-M/C stresses, SSA4 is induced, but only modestly and at late time points, and little to no effect on STI1 transcript levels is seen ( Figure 3B, column 2, ste6-Q1249X ). Because the misfolded domains of the UPR-M/C stressors are in the membrane or cytosol, we might have expected the cytosolic chaperone genes to be rapidly induced as a primary response to these proteins. Instead, only UPR-Cyto stress and heat shock induce these genes, suggest-ing that the UPR-Cyto and UPR-M/C responses are indeed distinct.
Defining the UPR-M/C Transcriptional Response by Microarray Analysis
Our analysis of the UPR-M/C response by Northern blot did not reveal a rapid induction of either UPR-L or cytosolic chaperone genes, suggesting that a different pattern of gene expression may occur in response to UPR-M/C stress. To examine this further, we performed microarray analysis to determine the scope of genes induced by the UPR-M/C stress, ste6-Q1249X (Ste6p*). Three biological replicates of mRNA were harvested at 1 h after galactose induction from cells expressing ste6-Q1249X, wild-type STE6, or empty vec- tor, and processed for microarray analysis, as described in Materials and Methods and the Supplemental Data (microarray analysis for VHL was also carried out in parallel and is discussed in the next section). After normalization to the empty vector control, the lists of genes induced by the expression of ste6-Q1249X and wild-type STE6 were compared with one another to identify genes uniquely induced by ste6-Q1249X and not simply by overexpression of a membrane protein.
Our analysis revealed 63 genes differentially induced by the UPR-M/C stressor and not by wild-type STE6 (listed in Supplemental Table S1 ). Using the Gene Ontology (GO) Term Finder Tool in the Saccharomyces Genome Database (SGD, 2008; http://www.yeastgenome.org), we found an enrichment for genes classified by the GO terms "ubiquitindependent protein catabolism" (10 genes) and "ubiquitin cycle" (four genes), both related to the ubiquitin-proteasome system. These genes are regulated by the transcription factor, Rpn4p (Mannhaupt et al., 1999; Xie and Varshavsky, 2001; London et al., 2004) , and upon further analysis of the full list of 63 UPR-M/C-induced genes we found many additional Rpn4p-target genes (23/63), listed in Table 3 . In all, 37% of the genes induced by UPR-M/C stress are known Rpn4p-target genes.
Rpn4p not only up-regulates 26S proteasome subunits, but also other ubiquitin-proteasome pathway components. Rpn4p target genes have been identified in several ways: through promoter analysis revealing an Rpn4p-binding PACE element, by their Rpn4p-dependent induction in response to the proteasome inhibitor PS-341, or by chromatin immunoprecipitation (ChIP)-CHIP analysis with Rpn4p (Mannhaupt et al., 1999; Fleming et al., 2002; Beyer et al., 2006 ; Table 3 ; Rpn4p-target genes). Included in the list of UPR-M/C induced genes are 10 different subunits of the proteasome and several other genes that have known or putative roles in ubiquitin-proteasome-related pathways. Although the induction of the Rpn4p-dependent genes in response to UPR-M/C stress is modest, ranging from 1.13-to 1.99-fold (Table 3) , the large number of Rpn4p-target genes suggests that this induction is likely to be significant. Additionally, in previously published studies more than half of these genes were also induced less than twofold by treatment with 30 M proteasome inhibitor (PS-341) for 1 h, and the highest induction seen under these conditions was 3.7-fold (Fleming et al., 2002 ; noted here in Table 3 ).
The UPR-M/C-induced transcriptional profile of Rpn4p-regulated genes was confirmed by Northern blot analysis, where, in agreement with our microarray data, the levels of induction for a selection of these genes (RPN3, RPN11, UFD1, PRE5, and ECM29) ranged from 1.2-to 1.5-fold upon expression of ste6-Q1249X ( Figure 4A ). The pattern of induction elicited by UPR-M/C stress is transient in nature, with the transcript levels falling to or below basal levels by 6 h after expression of UPR-M/C stress. For all of the genes examined, we find that the three UPR-M/C misfolded protein stressors (ste6-G38D, ste6-L1239X, and ste6-Q1249X) show a similar induction profile ( Figure 4B with the proteasome subunit, RPN3, and our unpublished data).
The UPR-M/C Response Differs from the UPR-Cyto and UPR-L Responses
To determine whether this transcriptional response is unique to UPR-M/C stress, we analyzed the induction of the Rpn4p-dependent genes discussed above in response to UPR-L and UPR-Cyto stressors. The induction of the UPR-M/C response appears to be largely specific to UPR-M/C stresses ( Figure 4B , compare CPY* and VHL-L158P in lanes 5 and 6 with the UPR-M/C stressors in lanes 2-4). To Mannhaupt et al. (1999) .
compare the UPR-M/C response to the UPR-Cyto response at a more global level, we performed microarray analysis with VHL-L158P. Three biological replicates of mRNA were harvested at 1 h after galactose induction from cells expressing VHL-L158P, microarray analysis was performed, and the data were normalized to empty vector as described above for ste6-Q1249X. However, unlike the case for ste6-Q1249X, where we could compare to the "isogenic" wildtype STE6, a properly folded cytosolic protein comparable to VHL-L158P is not available. As a result, we are not able to make strong conclusions regarding the precise profile of gene induction the UPR-Cyto response. Additional studies with several other misfolded cytosolic proteins, including misfolded endogenous yeast proteins, will be needed to fully characterize the UPR-Cyto response. Despite these limitations, we are able to make several notable observations from our analysis: first, multiple genes are induced by the expression of all three of the proteins we examined (ste6-Q1249X, STE6, and VHL-L158P), including those involved in generalized metabolic functions, such as PHO84 and ADE17. The induction of these genes may be related to the high level of protein expression from the galactose-inducible promoter. Second, the GO Term Finder Tool did not reveal a significant enrichment of genes with common GO terms in the list of VHL-L158P-induced genes, as was identified in the ste6-Q1249X data set. There also is not a significant induction of heat shock genes at this 1 h time point, which is in agreement with our Northern blot data showing that the cytosolic chaperone genes have already returned to their basal transcript levels by 1 h after induction of VHL-L158P ( Figure 3B ). Microarray analysis of samples collected at multiple time points after induction of VHL-L158P will be required to fully define the transient UPR-Cyto response characterized thus far by induction of SSA4 and STI1. Most importantly, from our genomic analysis we can conclude that very few of the Rpn4p-dependent genes induced (pSM922), ste6-G38D (pSM1898), ste6-L1239X (pSM2212), ste6-Q1249X (pSM2213), CPY* (pSM2215), or VHL-L158P (pESC-L158P) were harvested for RNA processing and Northern blotting with RPN3 at the indicated times after galactose induction. Northern blots were performed in duplicate and shown is a representative experiment in which quantitated, normalized values, determined as described in Materials and Methods, are graphed as arbitrary units.
uniquely by UPR-M/C stress are also induced by VHL-L158P (4/23; our unpublished data). In addition to the UPR-Cyto response, we compared our UPR-M/C microarray data to the previous microarray analysis defining the UPR-L response induced by the drugs DTT and Tm (Travers et al., 2000) to determine any overlap between the UPR-M/C and the UPR-L response. This analysis reveals a mild induction of some of the same genes (11/23) induced by UPR-M/C stress. None of these, however, would be characterized as UPR-L target genes, defined as those dependent on HAC1 and IRE1 for their induction. Many of these overlapping genes, such as UBI4, the gene encoding ubiquitin, or RAD23 and UFD1, both involved in targeting of misfolded proteins from the ER to the proteasome, may play roles in a variety of cellular stress pathways.
The modest induction of a large number of Rpn4p-regulated genes that characterizes the response to UPR-M/C stress appears to be physiologically relevant, because in synthetic lethal analysis (described below) we find RPN4 to be uniquely required for viability in the presence of UPR-M/C stresses, but not UPR-L or UPR-Cyto stresses. Thus, the requirement for Rpn4p may reflect the fact that a functional UPR-M/C transcriptional response is essential for viability in cells experiencing misfolded membrane protein stress.
Synthetic lethality with UPR-M/C stresses reveals unique differences in the cell's ability to cope with misfolded proteins in different cellular compartments
To learn more about the UPR-M/C pathway and identify genes that enable cells to cope with misfolded membrane proteins, we performed a modified synthetic lethality screen. We used dSLAM (Pan et al., 2004; Warren et al., 2004) to identify gene deletions that cannot tolerate UPR-M/C stress. Presumably, deletions of genes required to promote cell survival when cells are challenged by UPR-M/C stress would be inviable upon expression of a UPR-M/C stress ( Figure 5A ). We performed dSLAM using ste6-G38D expressed from the galactose-inducible promoter and identified 15 genes that show a synthetic lethal or "sick" phenotype with ste6-G38D (see Materials and Methods for the list of these genes).
Among the gene deletions that have the most strongly synthetic phenotypes are rpn4⌬, hac1⌬, and ssh1⌬, all of which show significantly reduced growth when ste6-G38D expression is induced on media containing galactose ( Figure  5B, top) . Deletions of these genes show no growth defect on media containing galactose when empty vector is expressed, indicating they are not merely inviable on galactose ( Figure  5B, bottom) . The identification of HAC1 as an essential gene during UPR-M/C stress suggests that the small amount of splicing seen at late time points in response to this class of stress ( Figure 3A , column 2, top) is significant for the longterm survival of cells. The UPR-L controls multiple aspects of secretory pathway function, including protein import and trafficking, glycosylation, and membrane production (Travers et al., 2000) , and may be required to maintain membrane homeostasis during prolonged UPR-M/C stress (Ron and Hampton, 2004; Federovitch et al., 2005) . We do not yet know what specific function the UPR-L provides to cells experiencing chronic UPR-M/C stress.
Another synthetic lethal gene, SSH1, is a homologue of the Sec61p translocon (Finke et al., 1996) and has been suggested to have a role in cotranslational protein import (Finke et al., 1996; Wittke et al., 2002) . We previously found that Ssh1p may play a role in the ERAD of ste6-Q1249X (Ste6p*) under certain conditions (Huyer et al., 2004b) . Ssh1p is present in a complex containing Sbh2p (Finke et al., 1996) , and we also find a mild growth defect in sbh2⌬ experiencing a UPR-M/C stress (our unpublished data). Further work will be needed to determine what role Ssh1p is playing in maintaining ER homeostasis during UPR-M/C stress.
We chose to focus on rpn4⌬ because Rpn4p-dependent genes are coordinately induced in response to UPR-M/C stress, as reported above. To determine whether the sensitivity of rpn4⌬ to ste6-G38D is allele-specific, we asked whether rpn4⌬ was also sensitive to the other UPR-M/C stresses, ste6-L1239X and ste6-Q1249X, or to expression of wild-type STE6. The rpn4⌬ strain is sensitive to all of the UPR-M/C stresses we tested, and not to wild-type STE6 or empty vector ( Figure 6A, galactose) . Thus, Rpn4p is required for the tolerance of UPR-M/C stresses, but not for overexpression of a wild-type secretory protein. The sensitivity of rpn4⌬ to UPR-M/C stresses with different rates of turnover and distinct sites of mutations (transmembrane or cytosolic) suggests that the effect is independent of differences in half-life or location of mutation, but correlates with misfolding and ER retention.
One possibility to explain the sensitivity of rpn4⌬ to UPR-M/C stresses is that all misfolded proteins requiring the proteasome for degradation will cause such inviability. However, this does not appear to be the case, as we find that rpn4⌬ is not sensitive to expression of the UPR-Cyto stresses, VHL or VHL-L158P, or to expression of the UPR-L stress, CPY* (Figure 6B, galactose) . This indicates, as our transcrip-A B Figure 5 . Synthetic lethality analysis reveals a requirement for Rpn4p, Hac1p, and Ssh1p for viability during UPR-M/C stress. (A) Model for the use of synthetic lethality to identify genes in a pathway required to cope with a UPR-M/C stress. Hypothetical genes (labeled A-C and here are shown in a single pathway, for simplicity) are hypothesized to be required for survival of a UPR-M/C stress. When any of these genes are deleted, cells are inviable. (B) Serial dilutions of the wild-type (SM4460) and indicated mutant (hac1⌬, rpn4⌬, ssh1⌬; SM5382, SM5383, SM5384, respectively) strains containing the galactose-inducible ste6-G38D plasmid (pSM1898) or empty vector (pSM922) growing on the indicated media.
tional data also suggests, that Rpn4p is uniquely required for coping with the UPR-M/C class of stress, despite all three classes of misfolded proteins depending on the proteasome for degradation. Previously, Ng et al. (2000) demonstrated that Rpn4p is required for viability in cells lacking UPR-L function (i.e., ire1⌬ and hac1⌬). To confirm that cells experiencing UPR-L stress do not require Rpn4p for viability, we asked whether rpn4⌬ is sensitive to Tm. The rpn4⌬ mutant is viable on media containing Tm, whereas the hac1⌬ strain is highly sensitive to this type of stress ( Figure 6C , tunicamycin). Like rpn4⌬, the ssh1⌬ mutant is not sensitive to Tm. Taken together, it appears that neither a UPR-Linducing drug nor the UPR-L-or UPR-Cyto-inducing misfolded proteins that we tested require Rpn4p for viability. Instead, only the misfolded membrane proteins require Rpn4p, suggesting this is a unique property of this type of protein. These findings also highlight the importance of the UPR-M/C transcriptional response described above in tolerating misfolded membrane protein stress and are in agreement with the UPR-M/C response being uniquely induced by misfolded membrane proteins.
Functional Proteasomes Are Required for Viability in Cells Experiencing UPR-M/C Stress
Rpn4p is required by cells to maintain basal levels of proteasome subunits and to induce proteasome subunits under conditions of reduced proteasome function (Xie and Varshavsky, 2001; London et al., 2004 ), but it is also responsible for the induction of DNA repair genes and other ubiquitin-proteasome pathway components in response to a variety of stress conditions (Mannhaupt et al., 1999; Jelinsky et al., 2000; Fleming et al., 2002) . We asked whether mutations in proteasome subunits showed the same pattern of sensitivity as rpn4⌬, or whether it is the inability to induce other target genes of Rpn4p that causes the sensitivity to a UPR-M/C stress. Because the proteasome is essential, we used the pre1-1 pre2-1 temperature-sensitive mutant, which has conditional defects in the 20S proteasome subunits PRE1 and PRE2 (Richter-Ruoff et al., 1992) . The pre1-1 pre2-1 mutant shows strong sensitivity to expression of any of the misfolded ste6 alleles (ste6-G38D, -L1239X, and -Q1249X), with very little growth even at permissive temperature (24°C) when expressing these UPR-M/C stressors ( Figure  7A, top panel) . In contrast, pre1-1 pre2-1 mutant cells expressing UPR-Cyto stressors (VHL and VHL-L158P) or the UPR-L stressors, CPY*, show no sensitivity. Interestingly, wild-type Ste6p overexpression also has a modest effect on the viability of the pre1-1 pre2-1 mutant, though not nearly as dramatic as a UPR-M/C stressor. This is despite its degradation occurring by vacuolar peptidases and not by the proteasome (Kelm et al., 2004) and may indicate that wildtype Ste6p trafficking may "back up" into the ER when overexpressed for prolonged periods of time and thus require the proteasome for some of it degradation.
To confirm the above result obtained with the pre1-1 pre2-1 mutant, erg6⌬ cells (used to increase permeability to the drug MG132) expressing the three classes of misfolded protein stresses were assayed for viability after 8 h of treatment with the proteasome inhibitor, MG132. Galactose induction of cells containing empty vector or wild-type Ste6p resulted in greater than 80% viability after MG132 treatment, whereas cells expressing the three UPR-M/C stressors were impaired for viability when treated with MG132 ( Figure 7B ). No effect was seen on cells expressing the UPR-Cyto or UPR-L stressors (VHL, VHL-L158P, or CPY*). The particular sensitivity of proteasome-impaired cells to a UPR-M/C stress mirrors the pattern of sensitivity we see in rpn4⌬ cells, supporting the hypothesis that the inviability of rpn4⌬ cells experiencing UPR-M/C stress is due to Rpn4p's role in induction of 26S proteasomes. Thus, misfolded membrane proteins appear to provide a particular challenge to cells with reduced levels of the proteasome.
The Proteasome Is Impaired by UPR-M/C Stresses in a Ubiquitin-dependent Manner
Cells expressing UPR-M/C stressors appear to require Rpn4p-dependent gene induction and specifically show sensitivity to impairments of the proteasome by mutation or drug. A possible reason for this could be that misfolded membrane proteins "tie up" or "clog" proteasomes and thus may require the synthesis of additional proteasomes to maintain essential proteasome function in the cell, a situation necessitating upregulation by Rpn4p. To address this possibility, wild-type cells expressing UPR-M/C stressors for 6 h were assayed for proteasome impairment using the ubiquitin fusion degradation substrate, Ub-Pro-LacZ (Bachmair et al., 1986) , as a reporter of proteasome function. When the proteasome is functioning normally, Ub-Pro-LacZ is degraded rapidly, resulting in very low ␤-galactosidase activity. If proteasome function is impaired, however, there is stabilization of Ub-Pro-LacZ, which can be detected as increased ␤-galactosidase activity ( Figure 7C 7C). Proteasome impairment occurs with all three misfolded ste6 alleles, as well as with another misfolded membrane protein, pma1-D378S. No proteasome impairment is seen in cells expressing UPR-L or UPR-Cyto stresses. Therefore, the expression of UPR-M/C stresses uniquely impairs proteasome function and may suggest that misfolded membrane proteins "choke" the proteasome. Because UPR-L and UPRCyto stresses do not have this effect, the impairment may be directly related to the presence of membrane spans in misfolded Ste6p and Pma1p.
Proteasome impairment by UPR-M/C stresses is dependent on ubiquitination of the misfolded protein. When the ubiquitination of ste6-Q1249X is prevented by deletion of the E2s, Ubc6p and Ubc7p, or the E3s, Doa10p and Hrd1p, required for ste6-Q1249X's degradation, it no longer impairs the proteasome (Figure 7D ), indicating that a ubiquitinated form of ste6-Q1249X is responsible for the proteasome impairment.
DISCUSSION
Distinct Transcriptional Responses to Misfolded Proteins in Different Cellular Compartments
A key aspect of protein quality control is the ability to up-regulate genes that help cells to refold, degrade, and otherwise cope with misfolded proteins. Such transcriptional activation is exemplified by the well-studied, classical UPR pathway, induced by ER lumenal stress. Here, we provide evidence that three distinct responses (designated UPR-L, UPR-Cyto, and UPP-M/C in this study) are induced by misfolded proteins residing in different cellular compartments (ER, cytosol, and membrane, respectively). First, by examining a panel of five reporter genes we show that the UPR-L and UPR-Cyto responses induced by single misfolded proteins are different from one another (induction of HAC1 splicing, KAR2, and YFR026C characterizes UPR-L vs. induction of SSA4 and STI1 for UPR-Cyto). A UPR-M/C stressor does not significantly induce either of these responses, but microarray analysis reveals that there is indeed a distinct UPR-M/C response.
The UPR-M/C Response
By microarray, we characterized a UPR-M/C transcriptional response that consists largely (23/63 genes) of Rpn4p-target genes. We also demonstrate that Rpn4p is required for cellular viability in the presence of UPR-M/C stress, in support of this response being functionally significant for coping with misfolded membrane proteins. Rpn4p is crucial for cell survival during proteasome inhibition (Fleming et al., 2002) and accordingly, we find that UPR-M/C stress (but not UPR-L or UPR-Cyto stress) specifically blocks proteasomal degradation. Rpn4p is thus likely required during UPR-M/C stress to generate new proteasomes to meet the essential degradative needs of the cell. Interestingly, the role of Rpn4p in the UPR-M/C response parallels the role of Hac1p in the UPR-L response, where Hac1p is essential to combat the effects of a UPR-L stress by upregulating genes that promote cell survival (Mori et al., 1996; Nikawa et al., 1996) .
The presence of membrane spans, rather than the topological site of the mutation or the half-life of the mutant protein, appears to be the distinguishing characteristic that elicits the UPR-M/C transcriptional profile. Cells expressing any of the three misfolded Ste6p alleles require Rpn4p for viability, and by Northern blot analysis they appear to induce similar Rpn4p-dependent UPR-M/C responses, despite having mutations in different cellular locations. For and proteasome mutant strain pre1-1 pre2-1 (WCG4A-11/21A) containing the indicated galactose-inducible misfolded proteins (see Table 2 for plasmids names) were streaked to the indicated media and grown at 24°C for 4 d. (B) A strain sensitized to MG132, erg6::kanMX (SM4464), was transformed with plasmids expressing the indicated galactose-inducible misfolded proteins (see panel A). Transformants were assayed for viability by plating on solid media after an 8 h treatment in liquid with 50 M MG132, as described in Materials and Methods. Colony-forming units (CFUs) were counted for MG132-and DMSO-treated cells and graphed as CFUs on MG132 as a percentage of CFUs on DMSO. Each experiment was repeated at least three times and graphed as the average; error bars, 1 SD. A paired t test gives p Ͻ 0.01 for ste6-G38D and a p Ͻ 0.05 for ste6-L1239X and ste6-Q1249X, all compared with empty vector. (C) To examine proteasome function, wild-type cells (SM4460) containing empty vector (pSM922) or the indicated galactose-inducible misfolded proteins and the Ub-Pro-LacZ reporter for proteasome activity (pSM2216) were induced by the addition of 4% galactose for 6 h at 30°C before preparation for ␤-galactosidase assay. For comparison, cells were treated with 50 M MG132 or an equal volume of DMSO for 12 h at 30°C. Each experiment was repeated at least three times and graphed as the average; error bars, 1 SD. (D) To examine the affect of ubiquitination mutants on proteasome inhibition by ste6-Q1249X, wild-type (SM4460), ubc6⌬ ubc7⌬ (SM5362), and doa10⌬ hrd1⌬ (SM5360) cells expressing galactose-inducible ste6-Q1249X (pSM2213) and Ub-Pro-LacZ (pSM2216) were grown, prepared, and analyzed as in C.
instance, ste6-Q1249X and -L1239X truncate a cytosolic ATPbinding domain, whereas ste6-G38D lies in a membrane span. Further genome-wide analysis with the ste6-G38D and ste6-L1239X alleles may reveal nuanced differences in the transcriptional profiles for the different alleles.
How Are Rpn4p-dependent Genes Induced by UPR-M/C Stresses?
Although Rpn4p can be a downstream transcriptional target of other transcription factors (Owsianik et al., 2002; Hahn et al., 2006) , we see no change in RPN4 transcript levels after UPR-M/C stress (our unpublished data), so this is not likely to be how UPR-M/C stress activates Rpn4p-dependent transcription. In addition to being an activator of the proteasome, Rpn4p is also a rapidly degraded substrate of the proteasome (Xie and Varshavsky, 2001; . Thus, Rpn4p protein levels serve as a sensitive "sensor" of proteasome function, and Rpn4p-target gene induction by UPR-M/C stress may simply reflect the proteasome impairment seen under these conditions (Figure 7) . Alternatively, Rpn4p can be modulated post-translationally Xie, 2004, 2007) , and UPR-M/C stress could be sensed independently of proteasome function and Rpn4p activated post-translationally.
What Role Does the Proteasome Play in Degradation of Misfolded Membrane Proteins?
An important question to answer is why UPR-M/C stress specifically leads to impairment or "choking" of the proteasome, whereas UPR-L or UPR-Cyto stress apparently do not? Although the degradation of UPR-L and UPR-Cyto misfolded proteins is proteasome-dependent (Hiller et al., 1996; McClellan et al., 2005) , under "overflow" conditions, CPY* can be degraded in the vacuole (Spear and Ng, 2003) . It was also shown that autophagy occurs in response to Tm and DTT (Bernales et al., 2006; Yorimitsu et al., 2006) . We find that GFP-Atg8p is cleaved in response to CPY*, although CPY* does not impair growth in autophagy mutants (our unpublished data). Vacuolar routing from the secretory pathway or autophagy followed by Pep4p-dependent degradation may prevent proteasome impairment by CPY*. Interestingly, UPR-M/C stressors do not induce autophagy, nor is their degradation Pep4p-dependent, even after prolonged expression (our unpublished data).
Another possibility to explain why UPR-M/C stressors uniquely cause proteasome impairment could be that multispanning membrane proteins are degraded by the proteasome in a manner unique from soluble proteins. For UPR-M/C substrates, the proteasome may be involved in their membrane extraction. Several studies have concluded that membrane extraction and proteasomal degradation are coupled (Mayer et al., 1998; Xiong et al., 1999; Piwko and Jentsch, 2006; Baker and Tortorella, 2007) . There is also precedence for the proteasome directly cleaving and degrading membrane proteins from the ER membrane (Hoppe et al., 2000; Piwko and Jentsch, 2006) . The proteasome thus may play a more direct or complicated role in degrading polytopic membrane proteins. Nakatsukasa et al. (2008) recently demonstrated in vitro that full-length Ste6p* was released into the cytosol postubiquitination (Nakatsukasa et al., 2008) . If this also occurs in vivo, membrane proteins, perhaps because of strong intramolecular interactions between their spans, could provide a challenge for the proteasome to efficiently degrade. Proteasome impairment is caused by a variety of diseaseassociated aggregation prone proteins, such as prion protein, Huntingtin, and CFTR-⌬F508 (Bence et al., 2001; Apodaca et al., 2006; Kristiansen et al., 2007) . Although some misfolded membrane proteins aggregate, others, such as Ste6p* do not (Huyer et al., 2004a) . Future study regarding the mechanisms of proteasomal degradation of misfolded membrane proteins will reveal insight into these interesting possibilities.
The UPR-L Response
The UPR-L transcriptional response induced by the global stressors Tm or DTT has been defined genomically (Travers et al., 2000) . In this study we characterized the induction of a novel gene, YFR026C, that is highly induced by CPY*, as assayed by Northern analyses (Ͼ15-fold; Figure 2A ) and appears among the most highly induced genes by UPR-L genome-wide microarray analysis (Travers et al., 2000) . Although YFR026Cp shows no sequence similarity to known proteins, it does have a predicted transmembrane domain and signal sequence, suggesting it could be ER-localized (SGD, 2008) . The loss of YFR026C leads to UPR-L induction (Figure 2 ), indicating it may play a role in preventing or abrogating ER stress. Additionally, yeast two-hybrid studies indicates two interactions for YFR026C: with the E2, Ubc7p, and with the 20S proteasome subunit, Pre10p (S. Fields, The Yeast Resource Center, University of Washington, personal communication). However, YFR026C does not appear to influence the degradation of misfolded ER proteins, because there is no effect on the turnover of CPY* in yfr026c⌬ (our unpublished data). Although YFR026C's role in ERQC remains unknown, it is a useful reporter for the UPR-L response because of its very strong induction by UPR-L stress. We propose naming this gene ULI1, for UPR-L-inducible gene.
The UPR-Cyto Response
We found that the UPR-Cyto response, induced by VHL and VHL-L158P, resembles the heat-shock response. It is implicit in quality control literature that the heat-shock response results from misfolded cytosolic proteins, but this has not been analyzed directly. Because we have not compared the genome-wide responses to UPR-Cyto and heat stress in parallel, we cannot definitively conclude that UPR-Cyto stress induces the exact same genes induced by heat stress, but our Northern blot analysis shows that the timing and degree of induction of the cytosolic chaperone genes by the two are highly similar ( Figure 3B and Supplemental Figure  S1B ). At late time points, heat shock and UPR-Cyto stress do differ slightly, where UPR-Cyto stress shows a unique reinduction of the chaperones, suggesting that this stress, unlike heat stress, is persistent and unrepairable. From our analysis we can conclude that the UPR-M/C and UPR-Cyto responses are distinct, and future studies will be required to fully define the UPR-Cyto response and determine the transcription factors mediating this gene induction.
